Background: Massive bleeding and transfusion of packed red blood cells (PRBC), fresh frozen plasma (FFP) and platelets are associated with increased morbidity, mortality and costs. Patients and Methods: We analysed the transfusion requirements after implementation of point-of-care (POC) coagulation management algorithms based on early, calculated, goal-directed therapy with fibrinogen concentrate and prothrombin complex concentrate (PCC) in different perioperative settings (trauma surgery, visceral and transplant surgery (VTS), cardiovascular surgery (CVS) and general and surgical intensive care medicine) at 3 different hospitals (AUVA Trauma Centre Salzburg, University Hospital Innsbruck and University Hospital Essen) in 2 different countries (Austria and Germany). Results: In all institutions, the implementation of POC coagulation management algorithms was associated with a reduction in the transfusion requirements for FFP by about 90% (Salzburg 94%, Innsbruck 88% and Essen 93%). Furthermore, PRBC transfusion was reduced by 8.4-62%. The incidence of intraoperative massive transfusion (≥10 U PRBC) could be more than halved in VTS and CVS (2.56 vs. 0.88%; p < 0.0001 and 2.50 vs. 1.06%; p = 0.0007, respectively). Platelet transfusion could be reduced by 21-72%, except in CVS where it increased by 115% due to a 5-fold increase in patients with dual antiplatelet therapy (2.7 vs. 13.7%; p < 0.0001). Conclusions: The implementation of perioperative POC coagulation management algorithms based on early, calculated, goaldirected therapy with fibrinogen concentrate and PCC is associated with a reduction in the transfusion requirements for FFP, PRBC and platelets as well as with a reduced incidence of massive transfusion. Thus, the limited blood resources can be used more efficiently.
out the blood products in form of packages, e.g. with 5 units of PRBCs, 5 units of FFP, and 1 pooled PC (which corresponds to 4-5 single-donor PCs). The advantage of this strategy is that no laboratory analysis is necessary. However, this concept is only effective if coagulopathy can be avoided by prophylactic administration of FFP and PCs. According to the German cross-sectional guidelines for therapy with blood components and plasma derivatives published by the board of the German Medical Association on the recommendation of the scientific advisory board in 2009, prophylactic transfusion of FFP and PCs should be avoided based on a recommendation with an evidence level of 1A [36] .
Furthermore, Gonzales et al. [37] demonstrated in a study performed in a big US American trauma centre that, using the 1:1 concept, it took on average 14.8 h to correct a coagulopathy (to reduce the international normalised ratio (INR) ad admission of 1.8 0.2 below a level of 1.5). Therefore, Gonzalez et al. came to the conclusion that pre-intensive care unit (ICU) interventions to correct coagulopathy should be more aggressive in order to stop the bleeding, reduce the transfusion requirements and improve the patients' outcome. Furthermore, they recommended the development and implementation of standardised transfusion and coagulation management protocols, both empirical and data-driven ones.
Since FFP has to be thawed before it can be transfused, in a study published by Snyder et al. [38] in 2009 the first unit of FFP was transfused after a median time of 93 min, whereas the first unit of PRBCs was already transfused after 19 min. In consideration of the median time to death of 293 min in this study, this resulted in a survival bias and the authors therefore concluded that the non-survivors in their study did not die because they got a lower FFP/PRBC ratio but rather that they got a lower ratio because they died [38] .
In order to shorten the 'time-to-treat' in their bleeding emergency cases, several trauma centres are using pre-thawed AB plasma as a universal donor plasma. However, data from 2 large retrospective studies from the USA and Scandinavia demonstrated that exposure to more than 6 units of AB0-compatible non-identical plasma transfusions increased the overall complication rate of acute lung injury and sepsis by up to 70% and increased mortality as well [39, 40] . Again, this limits the efficacy and safety of the formula-driven treatment concepts of massively bleeding patients [41] [42] [43] [44] [45] .
Conventional Laboratory Test-Driven Transfusion and Coagulation Management Algorithms
There is emerging consensus that plasma-based conventional laboratory tests such as prothrombin time (PT) and activated partial thromboplastin time (aPTT) measurements are inadequate to define and address the bleeding origin in massively bleeding patients and to guide therapy [20, 22, 23, 46, 47] . This may be due to the fact that they are not able to assess the interaction between the cellular and plasma components of clot formation, which plays a central role in our current under-
General Medical and Economic Implications of Massive Bleeding and Blood Transfusion
Massive bleeding and blood transfusion are associated with increased morbidity, mortality, and costs [1] [2] [3] [4] . This is not only true for the transfusion of packed red blood cells (PRBCs) but also of fresh frozen plasma (FFP) and platelets [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Therefore, it is most important to detect and treat the underlying haemostatic disturbance depending on the individual defects and as fast as possible in order to avoid unnecessary blood transfusions. This target can be achieved by combining pointof-care (POC) diagnostics such as rotation thromboelastometry (ROTEM , Tem Innovations, Munich, Germany) and whole-blood impedance aggregometry (multiple-electrode aggregometry (MEA = Multiplate , Roche AG, Grenzach, Germany)) with an early goal-directed therapy using coagulation factor concentrates (such as fibrinogen concentrate, prothrombin complex concentrate (PCC), factor XIII concentrate, and activated recombinant factor VII (rFVIIa)) and haemostatic drugs (such as tranexamic acid and 1-deamino-8-darginine vasopressin (DDAVP, desmopressin)) [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . On the other hand, POC tests and the use of coagulation factor concentrates also generate considerable costs for the hospital. Since an economic approach is of increasing importance for hospitals, economic considerations are also increasingly relevant in medical decision-making, especially linked to the use of expensive drugs such as antibiotics, antimycotics and coagulation factor concentrates. Therefore, besides a risk-benefit analysis, also a cost-benefit analysis comes more and more into the pharmacoeconomic focus.
Therapeutic Strategies in Massive Bleeding and Perioperative Coagulopathy
Several authors reported that the implementation of transfusion and coagulation management algorithms was efficient in the reduction of perioperative blood loss and transfusion requirements in massively bleeding patients [29] [30] [31] [32] [33] [34] [35] .
Three therapeutic strategies are mainly used in massively bleeding patients: -formula-driven transfusion algorithms (e.g., the 1:1:1 concept), -conventional laboratory test-driven transfusion and coagulation management algorithms, -POC test-driven transfusion and coagulation management algorithms.
Formula-Driven Transfusion Algorithms
In the USA, the 1 A clinically relevant increase in the plasma fibrinogen concentration can only be achieved by transfusion of high amounts of FFP (15-30 ml per kg body weight) [5, 15, 36, 63, 64] . However, this may result in a transfusion-associated circulatory overload (TACO) syndrome and a transfusion-relevant decrease in haemoglobin concentration. In principle, plasma fibrinogen concentrations above 2.5 g/l cannot be achieved by FFP transfusion. Furthermore, the evidence is growing that, apart from haemostatic drugs such as DDAVP, tranexamic acid and rFVIIa, high fibrinogen plasma concentrations can compensate for low platelet counts or platelet dysfunction [65] [66] [67] [68] [69] [70] [71] [72] . However, high amounts of fibrinogen concentrate have to be administered in order to increase the MCF in FibTEM to the high normal values of 18-25 mm that seem to be necessary to achieve this goal, and further studies are required to prove this concept [21, 55, 60, 61, 68, 71, 73] .
Prothrombin Complex Concentrate
A clinically relevant deficiency in vitamin K-dependent coagulation factors results in a prolongation of the coagulation time (CT) in ExTEM . A therapeutic intervention is recommended in bleeding patients with a CT in ExTEM > 80 s [18, 19, 21, 26, 28, 51, 52, 55, 62] .
PCC is approved in the European Union (EU) for the treatment and perioperative prophylaxis of bleeding in congenital and acquired deficiency of prothrombin complex coagulation factors (factors II, VII, IX and X). This applies to patients with prolonged PT (increased INR or decreased Quick value) due to vitamin K deficiency, treatment with vitamin K antagonists/oral anticoagulation (phenprocoumarin, warfarin), liver cirrhosis, severe blood loss and haemodilution, when rapid correction of the deficiency is required, and standing of haemostasis according to the new cell-based model [48] . Furthermore, the turnaround time of conventional coagulation tests in the central laboratory results in a delay of goal-directed therapeutic interventions of about 30 to 60 min, compared to POC testing [49, 50] .
POC Test-Driven Transfusion and Coagulation Management
Algorithms POC diagnostics based on thromboelastography/-metry and whole-blood impedance aggregometry (Multiplate) enable a contemporary detection of several haemostatic disorders within 15 min in patients with massive bleeding [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . Furthermore, this allows for an early goal-directed therapy of these haemostatic disorders on a rational and calculated basis with specific coagulation factor concentrates and/or haemostatic drugs [15, 18, 19, 21, [26] [27] [28] 51] . This concept enables a 'bleed-to-treat-time' of 20 to 30 min. However, POC diagnostics and early goal-directed therapy should be connected by corresponding coagulation management algorithms adapted to specific patient populations and clinical settings [18-21, 26, 28, 51-56] .
Calculated, Goal-Directed Use of Coagulation Factor Concentrates and FFP in Bleeding Patients According to the POC-Based Coagulation Management Algorithms

Fibrinogen Concentrate
As the final substrate of coagulation and the ligand of the platelet GPIIb/IIIa receptors, fibrinogen plays a key role in clot formation. Fibrinogen represents 85-90% of the whole amount by weight of plasmatic coagulation factors and is the first to fall below a critical value during bleeding and haemodilution. The reference value for fibrinogen is 1.5-3.0 g/l plasma, which is increased to 4-6 g/l at the end of pregnancy. Even in inflammation and sepsis, the plasma fibrinogen concentration increases up to 10 g/l as an acute-phase protein. Since there are no reserves for fibrinogen outside of the plasma, the overall stock of fibrinogen within the body amounts to about 10 g (per 80 kg body weight). In massive bleeding, fibrinogen should be substituted if the plasma con- surgery [83] . However, in ongoing massive bleeding, the activity of coagulation factor V, VIII or XI may limit thrombin generation in patients who have been treated exclusively with fibrinogen and PCC. Therefore, the indication for FFP transfusion according to our POC-based coagulation management algorithm is an expected or detected coagulation factor deficiency (V, VIII, or XI) that cannot be treated by specific coagulation factor concentrates or if these products are currently not available. FFP should be transfused in a dose of 15-30 ml per kg body weight in these cases [36, 52, 55, 62, 64] .
Factor XIII Concentrate
The clinical relevance of factor XIII deficiency in perioperative settings is discussed controversially. In particular, factor XIII administration should be considered in neurosurgical and tumour patients with an activity of factor XIII below 60%, in bleeding patients with increased clot lysis in ROTEM analysis not responding to antifibrinolytics but to in vitro spiking with factor XIII, in ongoing bleeding without pathological findings in ROTEM and Multiplate analysis, and in repeated postoperative diffuse bleeding without detectable surgical source of bleeding [15, 18, 19, 36, 51, 52, 55, 62, [83] [84] [85] [86] [87] [88] [89] [90] [91] [92] [93] .
Recombinant Activated Factor VII Although rFVIIa plays a definite role in the management of patients with acquired haemophilia with inhibitors, its effectiveness and safety as a more general haemostatic drug, either prophylactically or therapeutically, remains uncertain. Therefore, the use of rFVIIa outside its currently licensed indications should be limited to prospective randomised trials and 'ultima ratio' interventions [21, 36, 52, 55, 57, 62, [94] [95] [96] [97] [98] .
in congenital deficiency of any of the vitamin K-dependent coagulation factors, when purified specific coagulation factor concentrates are not available [74] [75] [76] [77] [78] . Apart from the coagulation factors II, VII, IX and X, balanced four-factor PCCs used in the EU contain also the vitamin K-dependent coagulation inhibition proteins C, S, and Z, as well as small amounts of antithrombin and heparin [79] . The application of 1 IU PCC per kg body weight usually results in an increase of the activity of the corresponding coagulation factors (and the Quick value) by 0.6-1% [80, 81] . In case of a clinically relevant diffuse bleeding and a prolongation of the CT in ExTEM > 80 s, a primary dose of about 25 IU PCC per kg body weight (corresponding to 1 ml PCC per kg body weight) should be administered [18, 19, 26, 51, 52, 55] . The PCC dosage can be enhanced up to 40 IU per kg body weight in case of massive bleeding and a prolongation of the CT in ExTEM > 100 s. 
Fresh Frozen Plasma
In most perioperative clinical settings, a substitution of fibrinogen and prothrombin complex coagulation factors seems to be sufficient to stabilise clot formation in bleeding patients. Although an isolated decreased activity of coagulation factors V and XI to 10-20% does not compromise thrombin generation, the endogenous thrombin potential increases proportionally to the plasma prothrombin concentration [82] . Furthermore, von Willebrand factor and factor VIII are released very quickly from the endothelium during trauma and surgery, which results in a factor VIII activity of about 150% already 2 h after cardiac (82 vs. 29 units) . In contrast, the transfusion requirements for PCs increased in CVS by 115% (336 vs. 722 units). This isolated increase in platelet trans fusion in CVS was most likely due to a 5-fold increase in the incidence of patients with dual antiplatelet therapy from 2004 to 2009 (2.7 vs. 13.7%; p < 0.0001) [103] .
Impact of POC-Based Transfusion and Coagulation Management Algorithms on Transfusion Requirements in Massive Bleeding
Using algorithms based on POC diagnostics and early, calculated, goal-directed therapy with specific coagulation factor concentrates such as fibrinogen concentrate and PCC, the requirements for FFP could be reduced dramatically in several Austrian and German hospitals in different clinical settings. 
Department of Anaesthesiology and
Department of General and Surgical Critical Care Medicine, Medical University Innsbruck, Austria
The Department for General and Surgical Critical Care Medicine of the Medical University Innsbruck, Austria (1 trauma ICU including 11 beds and 1 surgical ICU including 12 beds of the highest category) uses POC monitoring since 2000. By using a POC-based algorithm including a goal-directed coagulation management, the need for FFP transfusion became more and more redundant [19] . From 2003 to 2008, transfusion of FFP was reduced by 88% (3367 vs. 410 units). Simultaneously, the transfusion requirements for PRBCs and PCs decreased by 26% (3,411 vs. 2,536 units) and 39% (634 vs. 384 units), respectively ( fig. 1) . While the need for PCC was also reduced by 89% within that period, fibrinogen concentrate was administered significantly more, which resulted in an increase of 58% in the costs for coagulation factor concentrates from 2003 to 2008. Nevertheless, the overall cost reduction for blood products including coagulation factor concentrates Notably, this cost analysis matches only the primary, intraoperative costs for blood products and coagulation factor concentrates, without consideration of the activity-based costs of blood transfusions or the secondary costs of transfusion-associated adverse events such as transfusion-related acute lung injury (TRALI), TACO and sepsis [104] [105] [106] . However, the reduction of the secondary costs by reducing the incidence of transfusion-associated adverse events can account for a reduction of the overall hospital costs far beyond the reduction of the primary costs of blood transfusion [2, 4, [107] [108] [109] .
Conclusions and Practical Recommendations
Perioperative POC coagulation management with early, calculated, goal-directed therapy was effective in the reduction of FFP transfusion requirements by about 90% in different perioperative settings (TS, visceral surgery, LTX, CVS, and intensive care medicine), in 3 different hospitals (Salzburg, Innsbruck, and Essen) and in 2 different countries (Austria and Germany). Furthermore, the transfusion requirements for PRBCs and PCs could be reduced up to 62 and 72%, respectively, dependent on the clinical setting and the patient population. Thus, the limited blood resources can be used more efficiently. In addition, cost savings can be realised if reasonable transfusion and coagulation management algorithms are implemented and used accordingly.
In VTS and CVS, the incidence of massive transfusion (≥10 units of PRBC transfused intraoperatively) could be reduced from 2.56 to 0.88% (p < 0.0001) and from 2.50 to 1.06% (p = 0.0007), respectively. In the whole 2010 patient population (VTS, TS and CVS; n = 7,869 patients), the incidence of massive transfusion was 0.8% (66/7,869) and the incidence of FFP transfusion was 1.2% (92/7,869) . The PRBC-to-FFP ratio decreased from 1:0.95 (8062/7,672) before implementation of POC-based coagulation management to 1:0.1 (5,207/525) in 2010.
The usage of fibrinogen concentrate increased in VTS from 68 to 745 g per year (from 1999 to 2009) and in CVS from 179 to 702 g per year (from 2004 to 2009). PCC administration increased in VTS from 65,500 to 238,500 IU per year and in CVS from 162,000 to 388,000 IU per year, whilst antithrombin administration decreased in VTS and CVS from 150,500 to 32,500 IU and from 223,000 to 170,000 IU, respectively. Since the implementation of POC coagulation management, there was no case of 'off-label' use of rFVIIa.
Cost savings in VTS accounted for EUR 270,000 (-36% overall cost in 2009 compared to 1999) and in CVS for EUR 50,000 (-6.5% cost savings per patient in 2009 compared to 2004) [102] . The calculation of costs was based on the internal transfer prices of blood components and coagulation factor concentrates in 2009 for the University Hospital Essen (1 U PRBCs EUR 85, 1 U FFP EUR 65, 1 pooled PC EUR 250, 1 g fibrinogen concentrate EUR 288, 500 IU PCC EUR 126, 500 IU antithrombin EUR 44, 1250 IU factor XIII EUR 527 und 4.8 mg rFVIIa EUR 3,203). Costs for blood products (PRBCs, FFP, and PCs) are about 20-40% higher in Austria compared to Germany. Therefore, the cost savings -Haemostatic drugs such as tranexamic acid, DDAVP and coagulation factor concentrates have to be basically (national approval) and locally (storage in the operation room or at the ICU) available. Decision-making should be based on POC diagnostics according to algorithms, by an experienced anaesthetist or intensivist. -Every haemostatic intervention should be based on a rational indication described in the transfusion and coagulation management algorithm. -Prophylactic or unspecific transfusion of FFP should be avoided if a goal-directed therapy with specific coagulation factor concentrates is performed. FFP has to be transfused if specific coagulation factor concentrates are not available to treat the coagulopathy. -A restrictive transfusion strategy for PRBCs, FFP and platelets should be preferred in order to avoid unnecessary blood transfusions and corresponding transfusion-associated adverse events.
Disclosure Statement
The authors point out that they received fees and honoraria from CSL Behring GmbH and TEM international GmbH for consulting and scientific lectures. The content of this manuscript was not influenced by that.
A cost-effective perioperative transfusion and coagulation management algorithm should be based on the following keystones: -medical and bleeding history, -contemporary and reasonable POC diagnostics (e.g., by using ROTEM and Multiplate), -quickly available, effective, and calculable goal-directed haemostatic interventions with a good risk-benefit and costbenefit ratio (e.g., by using tranexamic acid and specific coagulation factor concentrates such as fibrinogen and PCC), -connection of diagnostics and therapy by the implementation of evidence-or at least experience-based algorithms for perioperative transfusion and coagulation management. Here, the following principles have to be considered: -The indication to carry out a haemostatic intervention should be based on the detection of a clinically relevant diffuse bleeding! -POC diagnostics can be helpful to identify the haemostatic intervention with the best chance to stop the diffuse bleeding (without inducing life-threatening adverse events). -In the absence of clinically relevant bleeding, pathological laboratory results (irrespective of whether they are assessed by POC tests in the operation room or by conventional tests in the central laboratory) are not an indication for a haemostatic intervention (Don't treat numbers!).
